Abstract: A novel single-polarization photonic crystal fiber wavelength splitter based on hybrid-surface plasmon resonance is proposed. A full-vector finite-element method is applied to analyze the guiding properties. Numerical simulations show that the proposed splitter, which is only several hundred microns in length, gives single polarization in the 1.31-m and 1.55-m bands. The loss of the unwanted polarized mode is 102.6 and 245.0 dB/cm in the two aforementioned communication windows, respectively, and the corresponding insertion loss is as low as 3.5 and 1.7 dB/cm, respectively. Moreover, the dependence of the bandwidth on the fiber length is given, and according to that function, the bandwidth can reach 40 nm (1.31-m band) and 100 nm (1.55-m band) when the fiber length is up to 1 mm. Additionally, the tolerances for a realistic fabrication are analyzed. In the last part, we discuss other methods to deal with an anticrossing phenomenon in detail.
Introduction
The wavelength division multiplexer (WDM) is a key component in modern optoelectronic and communication systems, especially for the area of passive optical networks. Due to the silicabased fiber consisting of a backbone or access net and the relatively low propagation loss in the nature of silica in the wavelength bands of 1.31 m and 1.55 m, the WDM served for these bands has been used for carrying data in practical applications. Consequently, its counterpartVa demodulator serving for the aforementioned communication windows has been fabricated and continues to upgrade along with the rapid development of wavelength division multiplexing technology. Since photonic crystal fibers (PCF) were first proposed in the early 90's, many functional devices based on PCF, including modulators, multiplexers, rotators and demodulators, serving for the mentioned bands have been proposed because they provide extra freedom in controlling the propagation of light inside of them in comparison to the conventional fibers. Meanwhile, the control of polarization, such as polarization modulators [1] , [2] , polarization switches [3] , [4] , polarization rotators [5] - [7] and polarization division multiplexing [8] , becomes a new trend in communication systems and integrated optical circuits. Therefore, it is essential to propose a novel and compact device combining the wavelength splitter and the polarization.
Based on the above considerations, we recently proposed three silica-based PCF singlepolarization wavelength splitters (SPWS) [9] - [11] , which could suppress polarization mode coupling (PMC) and polarization mode dispersion (PMD) due to their single-polarization guiding characteristics in cores. Recently, Xue et al. numerically investigated the polarization of a PCF by selectively coating a metal ring and filling it with liquid [12] , and the function of a polarization filter was achieved at 1.31 m band. Du et al. also reported a PCF-based SPWS, which covers two communication bands based on a core mode coupling with an SP mode [13] . Li et al. stimulated a dual-core PCF serving for SPWS based on surface plasmon resonance and mode coupling [14] . However, all the previous wavelength splitters possess three major limitations. The first limitation is that these structures based on the beat frequency principle require accurate fiber cleaving according to the designed coupling length [9] , [14] , which is extremely hard when the fiber length is compact. The second limitation is that the length of the fibers of the centimeter order (silica based) is inconvenient for the compact design nowadays [10] , [11] . Thirdly, the coupling between core mode and SP mode is incomplete, which has a low loss (about 50 dB/cm [13] ) for the unwanted polarization compared with the couple between HSP and core mode [16] - [18] .
To overcome the three aforementioned limitations and further develop a more compact SPWS, in this paper, to the best of the authors' knowledge, we design the first PCF SPWS with orthogonal polarization states based on the couple between HSP and core mode, which works for 1.31 m and 1.55 m bands. We use the full-vector finite-element method (FEM) to analyze the proposed device. The proposed SPWS, which is only several hundred microns in length, gives single polarization in the two communication windows and does not require a precisely matching fiber length. The loss of unwanted polarization mode can reach 102.6 dB/cm and 245.0 dB/cm in the two bands respectively and the corresponding insertion loss is only down to 3.5 dB/cm and 1.7 dB/cm. Moreover, the relation between the bandwidth and the fiber length is derived and explained. According to this relation, the bandwidth can reach 40 nm (1.31 m band) and 100 nm (1.55 m band) when the fiber length is up to 1 mm. In addition, the tolerances for realistic fabrication are analyzed. In the last part, we exhibit our method in dealing with the coupling between core mode and HSP mode in the PCF and review other methods in dealing with this phenomenon in detail.
The Principle of the Proposed SPWS and Its Structure
Surface plasmon-polaritons (SPs) form at metal-dielectric interfaces because the free electrons in the metal introduce an additional phase change upon reflection, inducing high intensity surface plasmon (SP) modes [12] - [15] or hybrid surface plasmon (HSP) modes [5] , [16] - [22] . As a result, light can be confined in a space that is sub-wavelength in scale in the surrounding dielectric, leading to field enhancements. Unfortunately, SPs were not considered viable for photonic elements because of the large propagation loss by the metal in the past several years. However, the recent research results of extraordinary optical transmission (EOT) [23] , [24] and HSP mode [5] , [16] - [22] show that the propagation loss can be significantly reduced. Such developments make SPs possible to integrate into many SPs-based devices into photonic integrated circuits (PICs).
A hybrid plasmon waveguide (HPW), composed of a metal cap, a thin low refractive index dielectric layer and a high refractive index dielectric layer, is usually utilized within PICs. Modes propagating in the HPW can be considered a combination of SP modes at the metal/low refractive index interface and the traditional photonic guided modes in high refractive index waveguide. Therefore, they have outstanding properties of both low propagation losses and strong confinement. The explanation of HPW is very similar to that of EOT [23] , [24] . However, as the counterpart of PICs in the backbone or access, PCF HSP-based SPWS has never been specifically proposed. When a circular metallic wire or ring is embedded in silica glass, the wire or ring is intrinsically symmetric about its axis. The guided mode in the interface of the metal and silica spreads out more and more into the dielectric as the mode approaches the cut-off [25] . Consequently, the HSP mode might be expected and supported by the PCF. Although an SP mode naturally causes a greater loss than an HSP mode, the latter is better suited than the former in forming mode resonance because it matches better with the imaginary part of mode effective refractive index with a leaky mode guided in the PCF silica core. The coupled mode theory can be utilized for explaining that reason and more detailed explanations will be given with the specific structure in part 3.2.
The cross-section of the proposed PCF SPWS is shown in Fig. 1 . "r 0 "-"r 4 " represent the radius of the background air hole, the upper hole coated by Au, the air channel in the upper Au layer, the lower hole coated Au, and the air channel in the lower Au layer, respectively. Four ellipses are arranged in the centre of the PCF lattice, which is beneficial for producing the birefringence and the letters "a" and "b" are the semi-minor axis and semi-major axis of the ellipse.^a x ,^b y , 0x , and^0 y are the hole pitches of the ellipse air hold and background air hole in the x -and y -axes, respectively. The different colors stand for different materials, which are shown in the legend of Fig. 1 . Finally, a perfectly matched layer (PML) is used to match the outmost layer.
The background material is pure silica and its material dispersion is determined by the Sellmeier equation, in which optical constants are based on experimental results [26] . For accurate calculation, the material dispersion of Au is determined by the Drude-Lorentz model and its optical constants are based on empirical results [27] . The modal loss (defined in decibels per meter) can be defined as where is the optical wavelength, and Imðn eff Þ is the imaginary part of the effective modal refractive index. The optimized values of the parameters in the simulation are presented in Table 1 .
Number Results and Analysis

The Dispersion Curves Characteristics of Two Au Rings
In this section, we investigate the mode dispersion properties of two aligned Au rings, but the rings' inner radii equals 0, i.e., Au wires. Two Au wires are arranged to be aligned with the same radii ð1:5 m þ 1:5 mÞ and different radii ð1:2 m þ 1:5 mÞ embedded in the silica, and in order to make a comparison we plot dispersion curves of a single Au wire with radii of 1.2 m and 1.5 m, respectively. For the sake of clarity, we only use 2nd SP/HSP mode as an example in the simulations.
We know the SPs will stimulate the discrete SP/HSP modes at the interface of the metal and dielectric [19] , [28] , and each mode processes its own polarization, for example, 2nd SP/HSP modes have two polarizations. Fig. 2(a) plots two 2nd SP modes of one Au wire with a radius of 1.5 m embedded in silica and four 2nd SP modes of two aligned Au wires with a radius of 1.5 m embedded in silica. The Poynting vector distributions of 2nd SP modes stimulated on the surfaces of the two structures are shown. Based on Fig. 2(a) , we notice that an intriguing feature of the original degenerated 2nd SP modes is that L_2nd (1) and L_2nd (2) interact with each other, forming four new SP/HSP modes, i.e., Modes 1$4, of which the dispersion curves are shown in Fig. 2(a) . In contrast, if two Au wires with different radii are aligned, their original degenerated two SP modes will split into four curves around their original dispersion curves. In addition, it is noticed that two sets of curves detune with each other, and almost keep their own original dispersion curves. Fig. 2(b) demonstrates this phenomenon. An Au wire with a radius of 1.2 m is embedded in the silica, and its 2nd SP modes are named S_2nd (1) and S_2nd (2), and their dispersion curves are shown in Fig. 2(b) . In contrast, the mode dispersion curves, i.e., Modes 5 $ 8, which are formed by the two different radii Au wires, are very similar with the single Au wire's 2nd SP mode also shown in Fig. 2(b) .
Based on the analysis mentioned above, we know that two Au wires will interact with each other and form more modes, just like the case in Fig. 2(a) . However, the resonance phenomenon can be avoided effectively when the difference of the radii of the Au wires is large enough, just like the case in Fig. 2(b) . Therefore, based on this principle, we can remove an unwanted polarization in the different wavelength, such as the single polarization for 1.31 m and 1.55 m bands, by embedding different radii of Au wires/rings in the silica.
The Simulation Results of SPWS PCF and Discussion
For two coupled modes, the coupled-mode equations can be described as [29] :
where E 1 and E 2 stand for the mode fields of leaky mode and HSP mode respectively, 1 and 2 are their propagation constant, and is the coupling strength. Assume that E 1 ¼ AÂ expðizÞ and E 2 ¼ B Â expðizÞ. The propagation constant of coupling mode, , can be obtained by solving
where ave ¼ ð 1 þ 2 Þ=2, and ¼ ð 1 À 2 Þ=2. For leaky mode and HSP mode, 1 and 2 are both complex. So is also complex and can be written as ¼ r þ i i . At phase matching point, the real parts of the two coupled mode propagation constants are equal, i.e., r ¼ 0. It can be
When i G , then þ and À possess different real parts but equal imaginary parts. A complete coupling (regular anti-crossing) between a leaky mode and an HSP mode occurs. On the contrary, the incomplete coupling happened when i 9 , þ and À have different imaginary parts but equal real parts [25] . For the sake of clarity, we only exhibit four super modes leading to the anti-crossing phenomenon. It is noticeable that the original second HSP mode and guided fundamental core mode are mixed together and formed four new hybridized modes. The only difference is the phase of the two parts in the hybridized modes. The hybridized modes are usually named odd-and evenmode [14] , but the proposed SWPS has two wavelengths needed to be processed; thus for convenience we name the four modes S1, S2, S3, and S4 respectively. Based on Fig. 3(a) , S1, S2, S3, and S4 have the same x -and y -axis electric field in the core section. According to the transmission line theory, the electromagnetic (EM) wave will select the medium possessing lower transmission loss. Consequently, although the concept of the original defective fundamental core mode is no longer at play, we still can call the orthogonal polarization states x -and y -polarization in terms of output and their loss curves are shown in Fig. 4 . Based on Fig. 4 , we can see that the loss of unwanted polarization mode can reach 102.6 dB/cm and 245.0 dB/cm in the two communication windows respectively and corresponding insertion loss is only down to 3.5 dB/cm and 1.7 dB/cm. In addition, crosstalk (CT) is a key parameter for SPWS. It determines the influence of unwanted polarization modes and thus can characterize the transmission performances. According to Beer Laws [30] and the concept of CT [6] , [9] - [11] , the CT dependant on fiber length can be derived as
where 1 and 2 represent the loss of x -and y -polarization respectively, and L stands for fiber length. The results of the dependence of CT on the wavelength with different fiber length are shown in Fig. 5(a) . Since the wanted polarization in the 1.31 m band is unwanted polarization in the 1.55 m band, the crosstalk is greater than 0 dB in the 1.55 m band. As a result, we consider the available optical bandwidth defined as the wavelength range within which the transmission is lower than À20 dB or higher than 20 dB. The bandwidth of two bands increases with the fiber length and it can reach 40 nm in 1.31 m band and 100 nm in 1.55 m band when the fiber length equals 1 mm as shown in Fig. 5(b) . In the simulation, dispersion curves are calculated ranging from 1250 nm to 1650 nm in steps of 2 nm, therefore the simulation error, shown as error bar in Fig. 5(b) , is 2 nm, the value of which is a tradeoff between time and accuracy. Fig. 5(c) exhibits the evolution of dips and peaks in Fig. 5(a) on fiber length. Although the trends of the two curves look to be opposite, their physical meaning is the same, i.e., the crosstalk improves as the fiber length increases.
The tolerances for realistic fabrication should be analyzed for integrity. We calculated the impact of the slight changes in size of Au rings on the output spectrum. Numerical simulations reveal that the proposed device possesses a relatively strong realistic fabrication tolerance. As shown in Fig. 6 , when r 1 À r 4 values fluctuate 10 nm, the device performance will be slightly affected. We observed that the impact of r 2 and r 4 is lower than that of r 1 and r 3 , because modal loss is caused by the outside ring SP mode rather than the inside ring SP mode, and the thickness of the Au rings are thick enough, which means the evanescent wave of outside ring SP mode only has a little impact on the device spectrum. Based on Fig. 6 , the third and forth curves of x -and y -polarization demonstrate our theoretical prediction, i.e., the sizes of r 2 and r 4 possess a slight impact on the output spectrum. In addition, we maintain the thickness of the Au rings, and increase and decrease the sizes of r 1 and r 3 for the sake of investigating the effects of size on the output characteristics. From Fig. 6 , the first and second curves of x -and y -polarization show that the fluctuation of r 1 and r 3 has a relatively large effect on the output spectrum. Also, another phenomenon that can be found is that the dip shifting in the 1310 nm band is greater than that of the 1550 nm band, because the size of r 1 and r 2 is larger than r 3 and r 4 , and 10 nm is relatively large for the small size.
In the last part, it is worth pointing out that the method with which we are dealing with the phenomenon of anti-crossing point is different than that of others. Many academic papers observe this same phenomenon but employ three different methods in dealing with it. In [14] , [16] , [31] , [9] - [13] , and [17] , there are some typical academic papers of this type. First, in references [14] and [31] , they viewed the silica as a waveguide and the Au as a defect, therefore the core mode is coupled to the defective mode in the resonance wavelength when their phases match. Consequently, the mode guided by the core will be coupled to the SP mode in the corresponding wavelength, which contributes to a loss of the core mode due to a stimulated SP mode and the absorption of the metal. The dispersion curve of the core mode can be derived based on the well-known Kramers-Kronig (K-K) relation. The dispersion curve of a core mode is cut off by the dispersion curve of an SP mode and it becomes two asymptotic lines of the dispersion curve of the SP mode. This deduction is correct at first sight; however, the presupposition of K-K relation is not sufficiently considered. K-K relation is deduced from the interaction of light and material. When the frequency of the inputted EM wave equals the electronic level gap, the real part and imaginary part of the RI of the material will be changed and followed by K-K relation. The physical explanation of this is that the material absorbs the EM wave. On the contrary, when the EM wave is guided by a waveguide and satisfies the phase condition, the wave will be coupled with the metal and will stimulate SP mode and will also be absorbed by the metal. The difference between these two different physical pictures is that the EM wave guided by a vacuum (the former) is totally absorbed by the material, but the EM wave guided by a waveguide still has a part existing in the waveguide, which will affect the absorption of the metal. Therefore, the real part and the imaginary part of the dispersion mode should not be followed by K-K relation. Second, in [9] - [13] and [17] , they share the same viewpoint about leaky mode and defective mode. When the phase matching condition is satisfied, the two modes will couple from high loss mode to low loss mode, but it is mandatory to utilize the concept of supermode to view a hybrid waveguide, when FEM is used to analyze the mode dispersion curves. At the phase matching point, both the core part and the defective part can guide light, causing one to be unable to extract the dispersion curves of each mode, and odd and even modes, which consist of the original core mode and the defective mode, are formed. In this regard, the dispersion curves of the modes are odd mode and even mode rather than core mode and defective mode. Finally, in [16] , although we agree in form with their method of dealing with the phenomenon of anticrossing points, their physical explanation is not comprehensive, because one curve representing two physical parameters is not reasonable. As a matter of fact, HSP mode possesses relatively low loss and thus the imaginary part of that mode can be equal to the mode guided by the silica. According to the coupled mode equation theory, when the real part and imaginary part of the refractive index of two models are equal, the original modes will be combined into two new supermodes, just as mentioned in the coupled mode explanation above.
Conclusion
A novel PCF SPWS based on HSP resonance has been proposed. The dispersion curves of two Au wires with equal and unequal radii aligned are investigated. Based on the derived principle of dispersion, two Au rings with unequal radii are arranged in the PCF to eliminate the unwanted polarization in the two communication windows. The coupling properties of the specific modes are investigated comprehensively by the FEM. Numerical simulations show that the proposed splitter, which is only several hundred microns in length, gives a single polarization in the two communication windows. The loss of unwanted polarization mode can reach 102.6 dB/cm and 245.0 dB/cm in the 1.31 m and 1.55 m wavelengths and the corresponding insertion loss is only down to 3.5 dB/cm and 1.7 dB/cm. Moreover, the dependence of the bandwidth and loss on the fiber length is derived and explained. The bandwidth and loss increase with the fiber length. According to the derived relation, the bandwidth can reach 40 nm (1.31 m band) and 100 nm (1.55 m band) when the fiber length is up to 1 mm and the crosstalk can reach 90 dB and 200 dB in the 1.31 m and 1.55 m respectively. Additionally, the tolerances for realistic fabrication are analyzed for integrity. In the last part, we discuss other methods to deal with anti-crossing phenomenon in detail.
